Microwave (MW) energy consists of electric and magnetic fields and is able to penetrate deep into biological materials. We investigated the effect of MW (2450 MHz) irradiation on gene delivery in cultured mouse myoblasts and observed enhanced transgene expression. This effect is, however, highly variable and critically dependent on the power levels, duration and cycle conditions of MW exposure. MW irradiation greatly enhances delivery of 2 0 O methyl-phosphorothioate antisense oligonucleotide (AON) targeting mouse dystrophin exon 23 and induces specific exon skipping in cultured myoblasts. Effective delivery of AON by MW irradiation is able to correct the dystrophin reading frame disrupted by a nonsense point mutation in the H2K mdx myoblasts, resulting in the restoration of dystrophin expression. MW-mediated nucleic acid delivery does not directly link to the increase in system temperature. The high variability in gene and oligonucleotide delivery is most likely the result of considerable irregularity in the distribution of the energy and magnetic field produced by MW with the current device. Therefore, achieving effective delivery of the therapeutic molecules would require new designs of MW devices capable of providing controllable and evenly distributed energy for homogenous exposure of the target cells.
Introduction
Gene delivery systems can be divided into three major groups: virus-mediated, non-viral biochemical vectors and physical methods. Viral vectors, such as recombinant adenovirus, adeno-associated virus and herpes simplex virus, are very efficient in gene transfer both in vivo and in vitro. 1 However, their safe applications in humans remain to be verified. Non-viral biochemical vectors, such as cationic liposomes, polymers and microbubbles, are relatively safe and easy to manufacture, but with limited efficacy, particularly in vivo. 2 The main physical methods are electroporation and sonoporation. Electroporation has been shown to provide efficient gene delivery both in cultured cells and in tissues in vivo locally. 3, 4 However, tissue damage associated with high voltage may limit clinic applications. 5 Sonoporation provides a safe alternative for controlled delivery of transgenes, but has so far achieved limited efficiency both in vitro and in vivo. 3, 6 Microwaves (referred to as MWs unless otherwise specified) are electromagnetic waves with the frequency ranging from 300 to 3 Â 10 5 MHz. The energy released from the wave affects only the molecular rotation or movement and is not sufficient to cleave molecular bonds or affect molecular structure. 7 The specific wavelength used for domestic cooking and heating devices is 2450 MHz. The same wavelength has also been used for scientific and medical applications. 8 The effect of MW on biological materials, including cultured cells are under-investigated and therefore poorly understood. 9 However, the ability of the MW to penetrate deep into biological materials with high efficiency for energy transfer has lead the technique being widely used for food processing. MW can produce nearly instant temperature increase within its entire reaction volume and cause rapid movement of dipole molecules in solutions. 10 Such properties have been proved to be of great value for improving efficiency and reducing the time of organic chemical synthesis. 11 It is for these reasons that MW has been extensively explored as effective mediator and energy provider for organic chemistry.
The applications of MW in biomedical research and clinical diagnosis are limited to those for tissue processing, including fixation and antigen retrieval, that utilize the capacity of the MW to penetrate deep into tissues and initiate an instant increase in temperature. 12 This, together with the increased motion of fixatives and molecules within the tissue, leads to a quicker, and more even perfusion of fixatives and exposure of tissue antigens that are inaccessible after tissue processing procedures.
In the present study, we explored the notion that the electromagnetic field and the thermal effect conferred by MW might be able to increase the fluidity of the membrane 13 and enhance the movement of nucleic acids, thus improving the entry of therapeutic agents into the cells. A laboratory-grade MW device was used with variation in power and duration for the delivery of both oligonucleotide and plasmid DNA into cultured myoblasts. MW effectively delivers antisense oligonulceotides into myoblasts, resulting in induction of specific skipping of mouse dystrophin exon 23 and restoration of dystrophin protein. MW irradiation also improves transgene expression, but only in restricted areas within the exposed culture cells. The failure to induce transgene expression homogeneously is most likely the result of high variability in the distribution of the magnetic field and the energy produced by MW with the current device. Our results therefore suggest that MW has the potential for convenient delivery of nucleic acids. However, realization of the potential will require new designs of MW devices capable of providing controllable and evenly distributed energy for homogenous exposure of the target cells.
Results

Gene delivery with luciferase as a reporter
We first examined the MW effect for gene delivery using a luciferase expression plasmid that allows the levels of reporter expression to be quantified. From preliminary data, two power settings with variation in duration and the number of cycles were investigated. At power settings of 240 and 420 W, a variety of exposure durations were attempted. The increase in luciferase expression was limited when the cells were exposed to 240 W for 5 s with six cycles. Luciferase activity improved when 15 cycles of irradiation were applied, but still not significantly different from the control cells without MW exposure (Figure 1a) . This is mainly due to the considerable variation between different wells of the same six-well plate (Figure 1b) . Although some wells showed enzyme activity the same as the control, the other wells had clearly higher levels of the luciferase reading. These results would be consistent with the highly uneven distribution of MW within the irradiation chamber. When 420 W was used at 5 s per cycle, higher levels of luciferase expression were observed after 6-15 cycles. The maximum efficiency of luciferase expression was achieved in the cells after 12 cycles of exposure with the average luciferase reading eight times higher than that in control cells and the cells with 240 W exposures ( Figure 1a ). However, variation between different wells of the same six-well plates remained (Figure 1c) . Power settings higher than 420 W induced a rapid temperature increase, resulting in the death of most cells. The higher power levels are therefore of limited value for gene delivery.
Gene delivery by MW is highly variable within the same well of culture plates
The luciferase reporter assays indicate the highly variable nature in the distribution of the MW irradiation within the chamber of the device currently available. To further investigate whether such variations for gene delivery exist within the same well of the culture plate, enhanced green fluorescent protein (eGFP) expression vector was used as its expression can be directly visualized under fluorescence microscope and the distribution of the eGFP-expressing cells can be evaluated. The setting of 420 W output with 12 cycles was applied. After 24 h, eGFP expression was observed clearly only in some wells of the plates (Figure 2a-c) . Furthermore, the eGFP-positive cells were limited to some areas within a single well. Strong eGFP expression was most frequently seen as a narrow ring at about two-third of the distance from the center of the well, although eGFP-positive cells were also present sporadically throughout the whole well (Figure 2b ). The transfection rate was less than 5% even in the wells with highest efficiency, significantly lower than those (more than 70%) in the cells with lipofectamine-mediated transfection.
Effect of MW on cell viability
All physical methods for gene delivery rely on its ability to temporarily permeabilize the cell membrane for nucleic acid entry without causing substantial cell damage or death. We therefore examined the effect of the MW irradiation with the settings for the delivery of plasmid on cell viability with ATP activity as an indicator. ATP activity 24 h after MW exposure was measured and compared with untreated control cells (as 100%). When the power was set at 600 W, the average metabolic activity of the cells was reduced to only 18% of the control levels ( Figure 3a) . Considerable variation was observed in individual wells of the same culture plates with ATP activity ranging from less than 5% to 50% of the control levels. ATP activity was on average 90-60% of the control levels when the cells were exposed to 420 W for 9-15 cycles with 5 s for each cycle. At six cycles, ATP levels were at 100-105% of control ( Figure 3a ). The setting of 420 W for 12 cycles exposure, which produced highest transgene expression, reduced the ATP activity to an average of 85% of the control levels ( Figure 3b ). The results suggest that delivery of transgenes into the cells by MW is associated with limited levels of cell damage.
Examination of the cells 48 h after MW irradiation by immunostaining showed caspase 3 expression in very few cells (less than 1%), similar to the cells without MW irradiation (Figures 2d and e) . This was in contrast to the cells treated with H 2 O 2 , in which large proportion of cells were positively stained for caspase 3 ( Figure 2f ). This result does not support the notion that the MW setting effective for gene delivery induces apoptosis.
Perhaps more interesting is that metabolic activity increased consistently when the cells were exposed to 240 W for both 12 and 15 cycles as well as with 420 W for 6 cycles ( Figure 3a) . A maximum increase up to 35% (average for six wells) was observed in the wells exposed to 15 cycles of 240 W irradiation (Figure 3c ). The results demonstrate dual effect of MW irradiation: it damages cells at high output, but it is able to enhance metabolism of target cells when applied at appropriate levels.
Temperature measurement
To determine the correlation between the temperature and the eGFP or luciferase expression, temperatures within each well were captured by infrared (IR) image. The treatment with 420 W 5 s for 12 cycles was used as it promoted higher levels of transgene expression than any other MW settings. Similar to eGFP expression, temperature readings at the various regions within and between wells of culture plates were highly variable. However, no correlation was evident when heat signatures from the samples were compared with the patterns of eGFP expression under the same treatment. A temperature threshold near 40 1C appeared to be related to the enhanced luciferase expression as the temperature in all the sample wells with enhanced luciferase expression was measured above 40 1C. However, most of the sample wells with temperature above 40 1C did not express higher than control levels of luciferase.
MW irradiation for oligonucleotide delivery
The efficiency of nucleic acid delivery into cells by electroporation and ultrasound is dependent on the size of the nucleic acid. It is therefore possible that MW might provide more effective delivery of short oligonucleotides than large plasmid vectors into cells. A previously established 20 mer antisense oligonucleotide (AON) (referred as E23+2-18) was used to target the junction sequence of exon 23 (2 bases from 3 0 of the exon 23) and intron 23 (18 bases from 5 0 of the intron 23) of the mouse dystrophin pre-mRNA. This oligonucleotide is able to specifically remove the dystrophin exon 23.
14 E23+2-18 was initially synthesized as 2 0 O methyl-phosphorothioate oligonucleotides (2OMePS, negatively charged) and labeled with CY3 for direct visualization. The output of Microwave for gene/oligonucleotide delivery TJ Doran et al the MW was set at 240 and 420 W for 5-s exposure with varying number of cycles and interval time of 5 and 45 s, respectively. The cells were then viewed under fluorescence microscope 10 min after MW irradiation. Cells exposed to the CY3-tagged 2OMePS AON without MW treatment showed barely detectable signals for CY3 (Figure 4) . No significant increase in intracellular CY3 signal was observed when 240 W was used for 6-12 cycles. However, the levels of intracellular CY3 signal increased significantly when the power of MW output was raised to 420 W with the increase in exposure cycles. Nearly all cells were transfected as demonstrated by high levels of CY3 fluorescence within cytoplasm after 9 and 12 cycles at the interval of 45 s (Figures 4a and b) . Concentrated CY3 signals within the nuclear area were also evident. Similar pattern of CY3 signal was observed when the same AON was tagged with fluorescein ( Figure  4c ). However, cells exposed to CY3-tagged phosphorodiamidate morpholino oligomer (morpholino, charge neutral) with 420 W for 12 cycles did not show clearly detectable signals within the cells in any of the wells (data not shown).
To examine whether the delivery of AON could lead to specific exon 23 skipping, the same power settings were used for the delivery of the untagged 2OMePS AON. Total RNA was extracted 24 h after MW irradiation and reverse transcription (RT)-PCR was performed to amplify the sequence from exon 20-26 of the dystrophin mRNA. Cells with 240 W exposure showed a single band corresponding to the full-length dystrophin mRNA seen in the control samples, indicating no significant exon 23 skipping. However, the cells exposed to 420 W with both six and nine cycles showed clearly two bands, one with the size of the normal dystrophin mRNA and the other with the size approximately 200 bp smaller and corresponding to the dystrophin mRNA with exon 23 skipped (Figure 5a ). The signal intensity of the smaller RT-PCR products was at similar levels to that of the normal transcript. However, signals for both bands were considerably weaker in the cells after nine cycles of exposure when compared with the cells with six cycles of exposure. This is consistent with the fact that cells exposed to six cycles of MW irradiation contained 85-90% control levels of mRNA, whereas extended cycles reduced the total amount of mRNA to 40-70% control levels 24 h after the MW treatment.
To further investigate whether the effective exon skipping can restore dystrophin protein expression, H2K mdx myoblasts containing a nonsense point mutation in the exon 23 of the dystrophin gene were examined. The cells were incubated with the 2OMePS AON targeting exon 23 and exposed to 420 W MW irradiation with six and nine cycles. As the expression of dystrophin relies on differentiation of the myoblasts to myotubes, the MW-treated H2K mdx myoblasts were cultured under differentiation condition for further 4 days. Dystrophin expression was then examined by western blots. The control H2K mdx cells without MW treatment showed no dystrophin as the nonsense point mutation prevented the translation of dystrophin protein. In contrast, the cells treated with MW irradiation clearly demonstrated detectable levels of dystrophin with the size of the protein similar to that of normal dystrophin expressed in the differentiated normal C2C12 cells. As expected, the levels of dystrophin in the cells of different wells of the same culture plate (under the same exposure of MW irradiation) varied from approximately 50% of C2C12 cells to undetectable.
Discussion
In this study, we evaluated the effect of MW on gene and oligonucleotide delivery in cell cultures. The results showed that MW irradiation is able to promote the delivery of plasmid into cultured myoblasts and expression of transgenes. Most significantly, MW irradiation enhances delivery of AON into myoblasts, resulting in targeted exon 23 skipping in the dystrophin gene. In myoblasts derived from H2K mdx mouse and lacking expression of dystrophin due to the presence of a nonsense point mutation in the exon 23 of the gene, effective removal of the mutated exon 23 corrects the reading frame of the dystrophin transcript and restores the expression of dystrophin protein. These findings 
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TJ Doran et al demonstrate the potential of MW irradiation as an effective and convenient alternative to currently available methods for the delivery of therapeutic nucleic acid into cells in vitro.
The mechanisms by which MW improves the delivery of plasmid and oligonucleotides are not understood. MW energy consists of an electric field and a magnetic field, but only the electric field is considered to transfer energy to a substance within its reach. This energy transfer is conducted through two mechanisms, dipole rotation and ionic conduction. 15 Dipole rotation is the reaction of the polar molecules to align themselves to the electric field of the MW. This interaction is related to the polarity of the molecules and their ability to align with the electric field. Similarly, ionic conduction is the result of alignment of free ions or ionic species to the MW electric field. It is possible that the polar charges on the cell membrane molecules, such as proteins and lipids, may oscillate with the changing electric field of MW irradiation, causing increased fluctuation of the cell membrane. These effects are similar to those proposed to explain the mechanisms of two other physical methods for gene transfer, electroporation and ultrasound irradiation. MW can also induce dipole rotation and ionic conduction on the nucleic acids, which may lead to rapid movement of the molecules with increased opportunity to interact with and pass through the cell membrane, resulting in an increase in cellular uptake of nucleic acids. Our results also clearly show that the efficiency of MW on nucleic acid delivery depends on the size of the molecules, with short oligonucleotides delivered much more efficiently than large plasmid DNA.
A rapid rise in the temperature by MW could also be responsible for increase in membrane permeability by enhancing the fluidity of the membrane molecules. However, Galvin et al. 13 reported that an increase in membrane permeability does not depend on significant increase in system temperature. Similarly, our attempts to measure the temperature at precise points of the culture wells during the MW irradiation with the IR thermo imager (Raytek ThermoView Ti30) failed to reveal a definitive correlation between the temperature and the efficiency of transgene expression. Our results suggest that increased temperature itself may not have direct effect on transgene expression and therefore a specific amount of local heating is neither a necessary component nor indicative of effective gene delivery. However, it is possible that a temperature effect does exist, but acts as a microscopic thermal event at the membrane interface. The method used in this study was, however, unable to provide such accurate data collection for temperature measurements. This can only be Microwave for gene/oligonucleotide delivery TJ Doran et al determined with a real-time temperature measurement at microscopic resolution, which remains to be developed.
Another notable finding of this study is that the efficacy for the delivery of oligonucleotide depends on the nature of the molecules. Although the negatively charged 2OMePS AON and the natural DNA oligonucleotide can be effectively delivered into the C2C12 cells, the exact same sequence of morpholino oligomers cannot be delivered with the same power settings. Morpholinos are polar, but non-charged molecules with phosphodiester bonds replaced by phosphoroamidate linkages and the ribose replaced by a morpholino moiety. 16 It is therefore possible that the lack of charge in the morpholino molecules reduces the efficacy of MW for their delivery. This would be consistent with a reduced dipole rotation and ionic conduction effect of MW on the molecules. Furthermore, the electromagnetic field of MW with the short pulse given in the study might produce electric current, difficult to be detected by existing means, but sufficient to force the small charged molecules such as the 2OMePS AON, not the neutral morpholino, to move into the already permeabilized cells. This effect would be similar to that of electroporation with electric current forcing nucleic acid to pass through cell membrane.
Our results also demonstrate a previously reported effect of MW irradiation on cellular growth and metabolism in living cells. 17, 18 When the cells are irradiated with low power settings (240 W with up to 15 cycles and 420 W with 6 cycles of 5 s), an increase in ATP production above control levels is observed, indicating an enhancement in cellular metabolism or growth. Higher powers of irradiation, however, cause increasing levels of cellular damage indicated by the decrease in ATP production. A MW oven with controllable temperature may enable us to determine whether this is the result of thermal effect, the electromagnetic field or both.
The disappointing, perhaps also informative, feature of MW irradiation for transgene delivery is the high variability. Transgene expression can be detected only in cells limited to small areas in some wells of a single sixwell plate exposed to MW radiation. This is rather expected as MWs created by current devices commercially available are highly irregular in energy distribution. This occurs due to the absorption and refraction of MW within the chamber, creating an uneven energy field. The variation in the shape and the material of cell culture plates can also significantly affect the energy distribution as the MW energy will interact differentially within. In the area where insufficient MW energy was delivered, transfection could not be achieved, whereas in the area with excessive MW energy cells would be damaged. Only the cells receiving optimal amount of MW irradiation can be effectively transfected and undergo transgene expression.
In summary, MW is able to deliver gene and oligonucleotides effectively into target cells in vitro. MW can be safely used in vivo as demonstrated by tissue imaging and in vivo drug delivery or tissue ablation. [19] [20] [21] This together with the ability of MW to penetrate deep into tissues provides the potential of the approach to be used for gene and oligonucleotide delivery in vivo, particularly for targeting tissue and organ. This could be achieved by exploitation of different frequency MW and design of new devices capable of providing controllable and evenly distributed MW energy at subcellular levels.
Materials and methods
Cell cultures
C2C12 myoblast cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 20% fetal bovine serum (Gibco, Carlsbad, CA, USA), 2 mM L-glutamine (Gibco) and 100 U ml À1 of penicillin/streptomycin (Gibco). Cells were incubated at 37 1C with 10% CO 2 . Cell cultures were allowed to reach 70-80% confluence and then plated into six-well culture plates (Costar, Cambridge, MA, USA) at 2 Â 10 5 cells per well 24 h prior to MW exposure.
H2K mdx tsA58 myoblasts were grown at 33 1C in DMEM containing 20 U ml À1 gamma interferon and 20% fetal bovine serum. The cells were subjected to the MW irradiation when they reached near confluence. After the treatment, the cells were grown in differentiation medium containing 5% horse serum at 37 1C for 4 days. C2C12 cells were also grown to confluence and then changed to the differentiation medium containing 5% horse serum at 37 1C for 4 days.
Immediately before MW exposure, cells were washed with phosphate-buffered saline and fresh DMEM medium was added together with 4 mg of reporter gene or oligonucleotide to each well. The plate was immediately placed in the middle of the turntable in the MW cavity for exposure. Reporter genes and expression detection pEGFP-N3 vector expressing a green fluorescent protein and pRL-CMV, a Renilla luciferase expression vector were used. The plasmids were harvested, purified using a Qiagen endotoxin-free purification kit and stored in endotoxin-free H 2 O at 1 mg ml
À1
. Renilla luciferase expression was measured using a Renilla Luciferase Assay kit (Promega, Madison, WI, USA). Cells were washed with phosphate-buffered saline, lysed and the lysate was collected according to the manufacturer's instructions. Luminescent signal was quantified using a Turner Biosystems 20/20 single tube luminometer. A portion of 20 ml of lysate was combined with 100 ml of Renilla luciferase assay reagent and placed into the luminometer. Renilla luciferase activity was recorded as relative light units (RLU). Expression of pEGFP-N3 vector was viewed and images were captured directly under a fluorescein isothiocyanate filter using an IX71 inverted research microscope (Olympus, Center Valley, PA, USA).
Power level and cycle settings of MW irradiation
Power level and cycle were set up and saved as programs in the MARS 5 system (CEM, Charlotte, NC, USA). The base setting of 1200 W was used to produce 240, 420 and 600 W output setting by limiting the percentage of time the cavity was exposed to the magnetron for 20, 35 and 50%, respectively. Each exposure lasted 5 s and varying number of repeats (cycles) was given with 45-s interval time.
Controls for each group were placed in the same medium for same time period with same amount of plasmid DNA or nucleotides, but without exposure to MW irradiation.
Following exposure, the medium was removed and cells were washed with DMEM. Normal growth medium (2 ml) was added for each well and cells were incubated at 37 1C with 10% CO 2 for 24 h. 0 O methyl-phosphorothioate (IDT) and CY3-tagged morpholino (GeneTools) were also used. C2C12 cells in each well of the six-well plate were exposed to 4 mg of oligonucleotides. Following exposure, the cells were washed with DMEM, added with 2 ml of C2C12 growth medium and incubated for 24 h. The cells were trypsinized, centrifuged and pelleted. Total RNA was then extracted and 200 ng of RNA template was used for a 25 ml RT-PCR reaction with the Qiagen one-step RT-PCR kit (Qiagen, Valencia, CA, USA). The primer sequences for the RT-PCR reaction were Ex20Fo 5 0 -CAGAATTCTGCCAATTGCTGAG-3 0 and Ex26Ro 5 0 -TTCTTCAGCTTGTGTCATCC-3 0 for amplification of mRNA from exon 20 to 26. 17 The cycling conditions were 95 1C for 1 min, 55 1C for 1 min, 72 1C for 2 min for 30 cycles. The reaction mix consists of 1 Â PCR buffer (Invitrogen), 10 mM of each dNTP, 0.6 mM of each primer and 2.5 mM MgCl 2 . Products were examined by electrophoresis on a 2% agarose gel. RNA extracted from muscle of C57Bl/10ScSn (C57Bl/10) and C2C12 cells was used as control. RT-PCR amplifies normal dystrophin mRNA as a 901-bp band and dystrophin mRNA with exon 23 skipping as a 688-bp band. The bands with expected size for the transcript with exon 23 deleted were also extracted and sequenced.
Cell viability
To assess cell viability following MW exposures, a CellTiter-Glo Luminescent Cell Viability Assay kit (Promega) was used. Luminescent signal is proportional to the amount of ATP present. Cell plate was allowed to cool to room temperature for 24 h following MW exposure. CellTiter-Glo reagent (100 ml) was added directly into each well of six-well plate. Plate was allowed to rock on an orbital shaker for 2 min and to stabilize for 10 min following mixing. Turner Biosystems 20/20 single tube luminometer was adjusted to 4 s integration time without any delay. Here, 100 ml of each cell medium/CellTiter-Glo reagent was added to 12 mm Â 50 mm disposable cuvette (Promega) and placed in luminometer for measurement.
Temperature measurement
An IR thermo imager (Raytek ThermoView Ti30) was used to capture the thermo signature. On completion of the designated exposure cycle(s), the plate was quickly moved from the cavity of the MARS and set down on a flat insulated surface. The IR imager was directed at the plate from above at an approximate distance of 12 in. and the IR imager was captured. The time that elapsed to move the plate to a suitable surface and capture the image was between 5 and 7 s. These images were uploaded to the computer and analyzed using InsideIR Software. The images produced are color-coded IR heat signatures that correspond to the heat scale generated by the software. Images were taken at 400 W 5 s X12 with 45-s intervals and compared with the luciferase and eGFP expression at the same setting recorded earlier.
Immunocytochemistry
All cells in the wells were collected 48 h after MW irradiation and washed. The cells were attached onto glass slides, dried and stored at À20 1C. The cells were permeabilized with acetone at À20 1C for 10 min and washed twice with phosphate-buffered saline. The cells were then incubated with primary antibody to cleaved caspase 3 (Asp 175, Alexa 488 conjugated; 1:100; Beckman Coulter, Fullerton, CA, USA). Cells treated with 1 mmol H 2 O 2 in DMEM were used as a positive control.
Protein extraction and western blot
MW-treated H2K mdx myoblasts were grown in differentiation medium for 4 days, and the cells were collected and lysed with 200 ml protein extraction buffer as described earlier. The protein concentration was quantified by Protein Assay kit (Bio-Rad, Hercules, CA, USA). Differentiated C2C12 cells were used as positive controls. Equal amount of proteins from each sample was loaded onto a 6% polyacrylamide gel containing 0.2% SDS and 10% glycerol. Samples were electrophoresed overnight at 10 mA at 4 1C and blotted onto nitrocellulose membrane overnight at 300 mA. The membrane was then washed
Microwave for gene/oligonucleotide delivery TJ Doran et al and blocked with 5% skimmed milk and probed with monoclonal antibody NCL-DYS1 against dystrophin rod domain (Vector Labs, Burlingame, CA, USA) overnight. The bound primary antibody was detected by horseradish peroxidase-conjugated goat anti-mouse IgG and ECL Western Blotting Analysis System (Perkin Elmer, Waltham, MA, USA).
